Staining Procedures . For fresh frozen sections, lengths of trachea were initially filled with OCT freezing medium (Tissue-Tek II ; Miles Laboratories Inc ., Naperville, IL), and embedded by freezing in OCT using liquid nitrogen-cooled isopentane . Lungs were initially filled with a dilution of OCT in PBS via the trachea, and 5-mm cubes were excised and embedded as above . Longitudinal or transverse sections were cut respectively from trachea and lung using a Bright cryostat, air dried at room temperature for I h, fixed in absolute ethanol at 4°C for 10 min, and rehydrated through 70% ethanol to Dulbecco's PBS, before incubation with mAbs.
Immunoperoxidase detection of antigens was by an indirect technique detailed previously (18) . A mouse mAb against a human lymphocyte surface marker was used as a negative control . Incubation of tissue sections with mAbs was performed at 4°C for 1 h, followed sequentially by biotinylated sheep anti-mouse IgG and the streptavidin-HRP conjugate to detect bound mouse antibodies . After washing, enzyme-linked antibody was revealed by reacting with 3,3'-diaminobenzidine and hydrogen peroxide for 10 min at room temperature . The sections were then lightly counterstained with hematoxylin . In experiments involving double staining, counterstaining was preceded by a second sequence of incubations, commencing with PBS/1% BSA for 30 min, followed by another mAb, biotinylated sheep anti-mouse IgG, preformed streptavidin-biotin-alkaline phosphatase (Amersham), and finally bromo-chloro-idolylphosphate/nitro-blue tetrazolium .
For detection of antigens on alveolar lavage cells, cytocentrifuge preparations were initially air dried, ethanol fixed, and then rehydrated as above, before immunoperoxidase staining .
Antigen Presentation . Female WAG rats were immunized subcutaneously at the base of the tail, with 100,ug OVA (Grade V, Sigma Chemical Co ., St . Louis, MO) emulsified in CFA . Single cell suspensions were prepared from inguinal and para-aortic lymph nodes 14-30 d after immunization, for use to to vitro T cell-activation assays . For the latter, 4 x 10' OVA-immune lymph node cells (LNC) in 200 AI RPMI 1640 supplemented with 5% syngeneic rat serum and 5 x 10' M 2-ME were dispensed in triplicate into wells of microtest plates, together with optimal stimulatory levels of OVA, or the control antigen BSA, as described (8) . LNC from control (nonimmune) rats did not respond to OVA in vitro . Coculture of the LNC from immunized rats with OVA but not BSA stimulated significant levels of ['H]DNA synthesis, and selective removal of T cells from these preparations by panning with the anti-rat T cell mAbs 0x19 and 0x52 (detailed in reference 19) abrogated OVA responsiveness (data not shown), indicating that the assay detected antigen-specific T cell activation .
To assay APC activity, the LNC were first depleted of endogenous APC via passage through nylon wool and fractionation on Percoll, which yields a population of >95% T cells . This process, which is described in detail in an earlier publication (20) , renders the OVA-immune LNC preparation refractory to stimulation with soluble OVA, unless exogenous APC are first added.
Antigen Aerosol Exposure . WAG rats were placed unrestrained in a plexiglass chamber, and exposed for 30 min to an aerosol generated from a solution of 20 mg/ml OVA in PBS, as described (21) . Control animals were exposed to an aerosol of PBS alone .
Results
(:ell Yields from Rat Lungs . In these experiments, rat lungs were lavaged repeatedly in situ, until no further cells appeared in the washout (6 volumes of fluid) . As shown in Table I , this procedure yielded on average 2 .4 x 106 cells, of which 87% were phagocytic . 95-98% of these cells stained positively for the macrophage surface markers ED1 and 0x41, while 22% expressed the 0x42 marker, which is the rat homologue of the human and murine iC3b receptor (15) . <5% of the lavage cells expressed the 0x19 or 0x52 pan-T cell markers, Cell yields per 1 .0 g lung and Ia staining was not observed . Digestion of rat lung slices in a mixture of collagenase and DNAse yielded -l0' viable mononuclear cells per lung. The enzyme mixture used has previously been shown by us to not affect FcR activity in rat spleen cell preparations (7), or FACS profiles of human peripheral blood mononuclear cells stained with FITC-conjugated mAbs against an array of lymphocyte and macrophage surface markers (22) . Accordingly, the cell surface markers detected on rat LWC illustrated in Table I are likely to reflect the surface phenotypes of these cells in vivo . This LWC population differed markedly from that obtained by lavage . In particular, tissue digestion yielded large numbers of T cells (-8 .5 X 10' per lung) and Ia* cells (1 .5 X 10' per lung), neither of which were observed in lavage fluids . Additionally, the expression of macrophage surface markers differed both qualitatively and quantitatively from that of lavage cells. In particular, a significant population of cells was observed that stained with the ED2 mAb, which has been shown to mark a subset of BALT macrophages, as well as cells in the perivascular and peribronchial regions of the lungs (17) . It can also be seen that while the 0x42 mAb stains <25% of macrophages from the airways (viz ., 80% 0x42* versus 95% 0x41*), these frequencies are identical in the lung digest, and thus the 0x42 marker appears to be present on all macrophages in the LWC preparations . This finding of a relatively lower frequency of the monocyte marker 0x42 (equivalent to Mac-1 and OKM I) on the alveolar lavage population, is consistent with the more advanced stage of maturation/activation of AM relative to LWC macrophages, a conclusion born out by recent studies on the functional activity of these cell types (Bilyk, N ., and P . G. Holt, manuscript in preparation) .
Enzymatic digestion of tracheal tissue yielded on average 2 X 10' mononuclear cells per animal, of which 16% expressed Ia. Small numbers of 0x19/52* T cells were also present, and equivalent staining (~20%) was observed with the macrophage markers 0x41 /42. APC Activity in Lung Tissue Digests. In the experiments illustrated in Fig. 1 , OVA-immune LNC exhibited high levels of [sH]DNA synthesis (z -78, 850 dpm per culture) after coculture with an optimal stimulating concentration of OVA, and depletion of endogenous APC (by the methods detailed above) abrogated this response . These latter LNC were used as indicators in APC assays, using various fractions of the cell population released by digestion of solid lung tissue . Thus, in column A, APC-depleted lymph node cells incubated with OVA failed to proliferate, despite the addition of 1-5 X 103 LWC . However, if the LWC were first depleted of FcR-bearing (column B) or adherent cells (column C), their subsequent addition to the cultures reconstituted the capacity of the lymph node T cells to respond to OVA antigen, indicating the presence in the lung wall of APC.
Examination of the adherent lung cell population by immunoperoxidase showed a predominance of 0x42+ (47-56%) and ED 1' (45-49%) macrophages, plus 67-75% 0x12+ cells. In contrast, the nonadherent population comprised mainly T cells (75-85%) and Ia' cells (up to 17%), plus small numbers (4-6%) of Ox 12' B cells; contamination of the latter with cells staining for the macrophage markers was low, in particular ED 1, which was generally <1% . Depletion of Ox 12' cells by rosetting with conjugated BRBC (column D) did not affect the APC activity of the nonadherent LWC, indicating that B cells are not significant presenters of antigen in this system . 0x12 depletion also removed residual ED1' and 0x42+ cells from the nylon wool effluent population (to <0.1 %) . In contrast, rosette depletion of la' cells (column E) from the lung cells completely ablated their APC activity . Finally, fractionation of nonadherent LWC on Percoll before addition to the T cell cultures (column F) indicated that the most active APC appeared in the lowest density (-_1 .033 g/ml) fraction, which comprised^-10% of the original nylon wool effluent population loaded onto the gradient.
Immunoperoxidase staining of this APC-enriched low-density lung fraction revealed 12-15% Ia' cells. Approximately one-third of these displayed prominent veils that stained strongly for la (Fig. 2) , and they appeared indistinguishable from the veiled (dendritic) cells we have previously observed in rat lymph (20) . The remainder of the la' cells in this fraction were smaller and highly pleionlorphic. This fraction also contained low numbers (up to 5%) of 0x42+ cells, the majority of which were small and regular in shape (not shown) . The lowdensity lung cell preparation additionally contained^-20% ED1' cells. While a proportion of these were of large size, they were again round and regular in FIGURE 2 . Low-density la' cells in lung tissue digests . Large DC-like cells settled onto alcian blue-treated slides, stained by immunoperoxidase for la (X 340) . Note heavy staining above cytoplasm, and on prominent veils . The cells were collected from the low-density (<-1 .033 g/ml) band from a discontinuous Percoll gradient .
shape, and dendritic or veiled ED1 + cells were not observed . However, some DC have been reported to stain positively with the ED I mAb (17) . Consequently, despite the failure of ED1-depletion to diminish the overall APC activity of nonadherent lung cells (see above), the possibility remains that a small ED1 + subset of DC may contribute to the APC activity of the low-density fraction . This possibility will be tested in future experiments involving positive selection of lowdensity ED1 + cells.
Collectively, these data indicate that the major APC population in rat lung wall are nonadherent, FcR-, surface Ig, Ia+ cells of ultra low density, properties consistent with DC (23, 24) . Additionally, the demonstration of APC activity in LWC preparations requires initial rosette depletion of FcR+ cells, or passage through nylon wool, which depletes the majority of adherent cells expressing the 0x42 and ED1 surface markers (putative tissue macrophages) .
Light Microscopy . Immunohistochemical staining of 5-7-,m frozen sections of respiratory tract tissues was performed to locate Ia+ cells, particularly at sites of potential interaction with inhaled antigens. Information was also sought on the presence in the same tissue microenvironments, of cells staining with mAbs against known macrophage surface markers. We initially screened the 5-7 ' Um sections with the mAbs via peroxidase, and subsequently by a double-staining technique. We also examined sequential peroxidase-stained thin (3 Jim) sections .
la' cells were dispersed throughout the lung parenchyma (Fig. 3, A and B) . The stained cells were pleiomorphic, and included large DC-like (see particularly 3 A) as well as small cells (immature macrophages or B cells?) within the alveolar septa, and large rounded, vacuolated cells apparently adherent to the air side of the lung wall (Fig. 3B) . Free AM in these rats (not shown) were uniformly la-, unlike the mouse (9). However, adherent cells of the type shown in Fig. 3B stained with the ED1 (Fig. 3C) and 0x42 (Fig. 3D) mAbs, which together with their obvious vacuolation under the light microscope, suggests they are AM that had become attached to the lung wall; expression of la antigen here may indicate AM activation, associated with adherence to the alveolar epithelium . 0x42' macrophages were also observed randomly distributed within the alveolar septa (Fig. 3D) . Fig . 4 illustrates longitudinal 5-,um sections of rat trachea . DC-like Ia' cells can be seen both on and below the epithelial basement membrane (Fig. 4, A and B) . These cells were distributed at regular intervals throughout the airway epithelium in the trachea and bronchi, and ED1-staining cells with similar morphology showed a comparable distribution (Fig. 4C) . In contrast, 0x42* cells were comparatively rare within the airway epithelium, but were present in significant numbers in the underlying mucosa (Fig. 4D) .
In experiments using sequential thin (3 ,um) sections, cells staining positively for la and negatively for ED1 and 0x42, together with Ia-cells that were positive for either ED1 or 0x42, could be readily observed in close proximity within the same sites in sequential sections (not shown) . Using a double-staining procedure, we also observed peroxidase-stained Ia+ DC-like cells juxtaposed to peroxidasenegative alkaline phosphatase-stained 0x42' and peroxidase-negative alkaline phosphatase-stained ED I' cells. We could not readily identify individual doublestaining cells with this procedure, although these undoubtedly occur (15, 17) ; this question will be addressed in more detail in future experiments using alternative enzyme substrates for tissue staining.
APC Activity of Alveolar Cells and AEC. Fig. 5 compares the APC activity of intact (columns A and C) vs . adherent cell-depleted (columns B and D) populations prepared from rats by endobronchial lavage, or by enzymatic digestion of tracheal epithelium . The APC assay system was as per Fig. 1 . As noted previously (7), free cells from the airways of this species were incapable of transmitting antigen-specific activating signals to immune T cells in vitro (columns A and B). In contrast, significant APC activity was demonstrable in cell preparations derived from the airway epithelium (column C), which was enhanced by removal of endogenous adherent cells (column D).
The experiments of Fig . 6 demonstrate the capacity of APC in the tracheal wall to bind antigen that is inhaled under conditions of natural exposure in vivo. Groups of rats were initially exposed to an aerosol of DAB (column A) or DAB plus OVA (column B) for 30 min before they were killed, and their tracheal epithelial cells were extracted . The capacity of these cells to transmit an OVAspecific signal to T cells was assessed with the assay system used in Fig. 1 , using OVA-immune LNC depleted ofendogenous APC. It can be seen that AEC from OVA-exposed (but not control) rats triggered significant levels of [3H)DNA synthesis in the T cell cultures .
Discussion
This report demonstrates the presence of Ia' cells with characteristic dendritic morphology within and below the airway epithelium, and within the alveolar septal walls of rats; this population is not represented, however, among the free airway cells accessible by endobronchial lavage. These putative DC appear in close proximity to cells expressing a variety of the macrophage surface markers, most of which are also found on AM .
The distribution of pulmonary DC in rat is thus comparable with that recently reported for DC in mouse and human respiratory tissues (9) . In the latter study, mouse tracheal epithelial DC were demonstrated to present OVA-antigen in vitro to T cells, and our present results with cell preparations derived from rat trachea and lung indicate that cells of this type are important APC throughout the respiratory tract.
An important difference between our results with rat tissue and those from the mouse (9) concerns the expression of la antigens by, and the APC activity of, endogenous bronchopulmonary macrophages. While the available data from the mouse demonstrate that AM are capable of transmitting antigen-specific activation signals to T cells in vitro (9, see also review in reference 6), they are considerably less active than APC from other sources (6), particularly DC, which on a cell-for-cell basis appear to be the most active APC in that species (23) . In the rat, the functional differences between DC and macrophages in relation to T cell activation appear even more extreme. In this situation, in vitro presentation of protein antigens to T cells appears to be the exclusive province of DC, whereas macrophages actively suppress T cell activation under identical assay conditions in vitro (6, 20, 24) . The failure of free rat AM to function as APC in vitro is paralleled by their lack of expression of la, in contrast to the mouse, where 10-30% of AM are la' (9) . However, as shown in earlier studies, rat AM also elaborate lymphocytostatic molecules that directly suppress T cell activation (6) , and the dampening effect of FCR+ adherent cells upon APC activity in lung and tracheal digests (Figs. 1 and 4) indicate that macrophages present in solid pulmonary tissue function in a similar fashion .
While this interplay between DC and macrophage populations provides a theoretical mechanism for downregulation of local helper T cell activation in the rat lung in the steady state, it begs the question of how immune induction occurs when it is patently necessary for host survival, i.e., in the face of challenge with pathogenic antigen(s) . Indirect evidence from a number of sources (reviewed in reference 6, see also reference 4) suggests that local inflammation, resulting in an influx of mononuclear cells from the peripheral blood, may temporarily disturb the balance between these regulatory cell populations, resulting in net T cell activation .
However, recent observations suggest that factors relevant to cell efflux from the tissue are also likely to be important. In this context we have reported that under steady-state conditions in SPF rats, up to 2 x 10' DC migrate from the gut wall per day, 90% of which are trapped in the draining (mesenteric) lymph nodes (20) . These DC functioned as highly active APC in vitro (24) . In addition, they were shown to transport antigens previously fed to the rats, to the mesenteric lymph nodes (20) , which suggests an important role for these cells in regulation of immune responses to dietary antigen.
The present study, as illustrated in Fig. 6 , demonstrates that putative DC in the airway walls also exhibit a high degree of APC activity in vitro, and are also capable of trapping antigen that impinges upon the epithelium that they occupy . It is therefore reasonable to postulate an important regulatory role for their airway cells and their equivalents in the alveolar septa, which includes antigen sampling at the respiratory epithelial surface, a transport function linking the epithelium to its draining lymph node, and the subsequent engagement of the antigen-bearing DC with relevant T cells in the lymph node. An important function of endogenous macrophages in this process may be to limit T cell activation (and attendant tissue damage) within the fragile epithelial and mucosal microenvironments during the transit of antigen-laden DC from the epithelium to the regional lymph nodes.
There is clearly a need to gain further information on the population dynamics of these cell populations in lung tissue, in both the steady state and during inflammation, to elucidate their roles in local immune regulation .
Summary
Collagenase digestion of tissue slices from perfused, lavaged SPF rat lung released -10' viable mononuclear cells per gram tissue, which comprised 35% T lymphocytes and up to 26% macrophages. A subset of these cells that were la', surface Ig", nonadherent, FcR-and of ultra low density (putative dendritic cells [DC] ), presented protein antigen to immune T cells in vitro, and this function was inhibited by the presence of low numbers of endogenous adherent, FcR' cells (putative macrophages) . APCs were also identified in digests from tracheal epithelium, and were shown to bind antigen in immunogenic form as a result of natural (inhalation) exposure in vivo . Immunoperoxidase staining of frozen sections revealed populations of strongly Ia' cells with prominent DC-like morphology within the alveolar septal walls and the tracheal epithelium ; in both areas, they were closely associated with pleiomorphic cells that expressed macrophage surface markers. We accordingly postulate that interactions between Ia* antigen-presenting DCs and endogenous tissue macrophages play an important role in regulating T cell activity in the respiratory tract.
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